While searching for transcriptional regulators that respond to changes in light regimes, we identified a MYB domain-containing protein, MYB2, that accumulates under dark and other conditions in the unicellular red alga Cyanidioschyzon merolae. The isolation and analysis of a MYB2 mutant revealed that MYB2 represses the expression of the nuclear-encoded chloroplast RNA polymerase sigma factor gene SIG2, which results in the repression of the chloroplast-encoded phycobilisome genes that are under its control. Since nuclear-encoded phycobilisome and other light-harvesting protein genes are also repressed by MYB2, we conclude that MYB2 has a role in repressing the expression of light-harvesting genes. The MYB2 mutant is sensitive to a prolonged dark incubation, indicating the importance of MYB2 for cell viability in the dark.
Light is essential for the growth of photosynthetic organisms, and thus mechanisms involved in the acclimation to changing light environments on earth are critical for survival. In particular, daily light and dark cycles result in the periodic turning on and off of energy-supplying light reactions, which likely requires various regulatory mechanisms. In this study, we focused on the acclimation mechanisms in eukaryotic algae at the transcriptional regulatory level during the shift from illuminated to dark conditions.
Cyanidioschyzon merolae is a unicellular red alga living in sulfuric acid hot springs (pH 1-3, 40-50°C) [1] , whose cell architecture is very simple, containing only one mitochondrion, one chloroplast, and one nucleus. Complete nucleotide sequences of the nuclear and organelle genomes have been determined [2] [3] [4] [5] , and experimental techniques for molecular genetics, such as DNA introduction and gene disruption, have been developed [6, 7] . Thus, C. merolae is an ideal model organism for the study of eukaryotic algae that rely on oxygenic photosynthesis [8] .
By taking advantage of the small number of transcriptional regulators in this organism, estimated at less than 100 [4] , we have performed functional analyses on environmental acclimation processes. For metabolic regulation, we previously identified an R2R3-type MYB transcription factor, MYB1, that accumulates under nitrogen-depletion conditions and activates the transcription of nitrogen assimilation-related genes [8] . In this study, we identified another MYB domain-containing transcription factor, MYB2, that accumulates upon light-to-dark (LD) shift in C. merolae. Subsequent analyses have revealed that MYB2 negatively regulates expression of the nuclear-and chloroplast-encoded light-harvesting protein genes under dark and other conditions, and increases survival during prolonged dark periods.
Materials and methods

Strains and culture conditions
Cyanidioschyzon merolae 10D cells were grown at 40°C under continuous white light (50 lmol photonsÁm À2 Ás À1 ) in liquid MA2 medium [6] at pH 2.5 and bubbled with air supplemented with 2% CO 2 . For the uracil auxotrophic M4 strain [9] , 0.5 mgÁmL À1 uracil was added to the medium. To synchronize the cell culture, stationary-phase cells [optical density (OD) 750 ≥ 10] were diluted to OD 750 = 0.4, and then subjected to a 12 h light/12 h dark cycle with aeration based on the method described in Suzuki et al. [10] . For CO 2 downshift experiments, the cells were bubbled with air instead of 2% CO 2 . For membranepermeable proteasome inhibitor experiments, C. merolae cells in the logarithmic phase (OD 750 = 0.4-0.5) were treated with MG132 (dissolved in dimethyl sulfoxide) at a final concentration of 100 lM [11] .
Construction of the MYB2 null mutant
The DNA fragments for the transformation by homologous recombination were prepared using a two-step PCR method as follows: in the first PCR reaction, C. merolae genomic DNA was used as a template, and Fragments 1 and 2 were amplified with primer sets, A023upF and A023upR, and A023downF and A023downR, respectively. Fragment 3 was amplified by PCR with the primer set, URA_F_A023 and URA_R_A023, using pKFURACm-Gs [7] as the template. The second PCR reaction was performed with the primer set A023up2F and A023down2R using Fragments 1, 2, and 3 as the template DNAs. The resulting DNA fragment, composed of the 5 0 -upstream region of MYB2, the URA5.3 selection marker cassette, and the 3 0 -downstream region of MYB2 (Fig. S1 ), was used to transform the C. merolae M4 strain as described [6] . Primer sequences are summarized in Table S1 .
Construction of a Cyanidioschyzon merolae strain overexpressing FLAG-tagged MYB2
The MYB2 open reading frame was amplified with primers A023Vs_F and A023Vs_R and cloned into the SmaI-site of pSUGA [12] using the SLiCE method [13] to construct plasmid pMYB-OX, where the MYB2 gene is driven by the strong APCC promoter. Starting with pMYB-OX, we then constructed a plasmid in which the MYB2 gene is expressed under the control of the original MYB2 promoter. PCR reactions were performed with primers VspA023_F and VspA023_R using pMYB-OX as the template to amplify Fragment 1. The MYB2 promoter region (1.0 kb) was PCR amplified with primers pA023_F and pA023_R, using C. merolae genomic DNA, and ligated to Fragment 1 by SLiCE to form pMYB2-OX2. A control strain, containing the vector plasmid pSUGA, was constructed. Transformation of the M4 strain was performed as described previously [6] . Primer sequences are summarized in Table S2 .
RNA extraction and northern blot analyses
Total RNA extraction and northern blot analyses were performed as previously described [14] . Probes for the northern blot analysis were prepared as described [14] (Fig. S2 ) with the specific primers [8, 12] listed in Table S3 .
Immunological analysis
An immunoblot analysis was performed as described previously [14] . An antibody against SIG2 was produced as previously described [15] . To prepare an antigen for production of a polyclonal antibody against MYB2, the structural gene was amplified by PCR using C. merolae genomic DNA as the template and the primer set CMA023C_En_F and CMA023C_En_R (Table S4 ). The PCR-amplified fragment was inserted into pENTR TM /D-TOPO (Thermo Fisher Scientific, Yokohama, Japan) according to the manufacturer's instructions to construct pA023. The cloned gene was recombined into the destination vector pDEST-Cold-TF [14] to form pDEST-Cold-TF-A023. The overproduction of MYB2 in Escherichia coli BL21(DE3) cells harboring pDEST-Cold-TF-A023 was induced after the addition of isopropyl b-D-1-thiogalactopyranoside at a final concentration of 0.5 mM for 24 h at 15°C, and the soluble fraction of the protein, which was dissolved in lysis buffer (150 mM NaCl, 50 mM Tris-HCl (pH 7.5) and 2 mM dithiothreitol) containing 10 mM imidazole, was subsequently purified using cOmplete His-Tag Purification Resin (Roche, Mannheim, Germany). The resin was washed with lysis buffer containing 30 mM imidazole, and then the bound protein was eluted with lysis buffer containing 250 mM imidazole. Purified MYB2 protein (1.5 mg) was injected beneath the skin of a rabbit or guinea pig, and the other methods for antibody production were as previously described [15] . For the affinity purification of antibody against MYB2, purified His-tagged protein (1.5 mg) was attached to 2 mL NHS-activated Sepharose 4 Fast Flow (GE Healthcare UK Ltd, Little Chalfont, UK), and the antibody was purified with the affinity column according to the manufacturer's instructions. For detection, primary and secondary antibodies were used at the following dilutions: 1 : 1000 for rabbit and guinea pig anti-MYB2, 1 : 10000 for FLAG (Sigma, Munich, Germany) primary antibodies, and 1 : 5000 for anti-rabbit IgG HRP (horse radish peroxidase)-conjugated (Promega, Madison, WI, USA), 1 : 5000 for anti-mouse IgG HRP-conjugated (Promega, USA), 1 : 2000 for anti-guinea pig IgG HRP-conjugated (MP Biomedicals, Tokyo, Japan) secondary antibodies.
Chromatin immunoprecipitation analysis
Cells were fixed with 1% formaldehyde to prepare ChIP samples, and ChIP using mouse monoclonal antibodies to FLAG (Sigma, Munich, Germany) and quantitative polymerase chain reactions (qPCRs) were performed as described previously [12] . Primers used for qPCR are listed in Table S5 .
Quantitative analysis of phycocyanin
The phycocyanin contents were quantitated based on OD 620 , OD 678 , and OD 750 values of the culture as described in [16] . 
Calculation of the cell viability
Results
Identification of a transcription factor MYB2 that accumulates under dark conditions
To identify a transcriptional regulator(s) that has a role in LD shift in C. merolae, we first analyzed the available microarray data [17] . Several candidate genes that encoded DNA-binding proteins and had transcript levels that showed specific changes upon LD shift were selected. Among them, transcripts of CMA023C, which encodes an R1-type MYB domaincontaining protein (Fig. 1A ), tended to increase upon LD shift and/or M phase of the cell cycle. Thus, the expression and function of this gene, which we named MYB2, were further analyzed in this study. First, a recombinant MYB2 protein was prepared using an E. coli system, and then it was used to raise antisera against MYB2 (Fig. S3 ). An immunoblot analysis using the specific antibody revealed that the MYB2 protein accumulated upon LD shift (Fig. 1B ).
Because the MYB2 mRNA level remained constant under the same conditions, the protein accumulation upon LD shift likely resulted from post-transcriptional regulation (Fig. 1C) . To examine whether control of proteasome-dependent proteolysis and stabilization, which often explains protein accumulation under a changing light environment, is involved in the MYB2 protein accumulation, we performed an analysis using the specific inhibitor of the proteasome, MG132. As the results, MG132 treatment under illuminated conditions resulted in accumulation of ubiquitin-conjugated proteins ( Fig. S4) but not of the ubiquitinated MYB2 protein (Fig. 1D) . Thus, some translational regulation may underlie MYB2 accumulation after the LD shift.
It was previously reported that LD shift induces the cell division [18] . Therefore, we examined the relationship between LD shift and the cell cycle M phase, and found that MYB2 actually accumulated at the M phase even under the illuminated conditions (Fig. 1E) , as judged from the a-tubulin accumulation [11] . On the other hand, the cell cycle arrest at the G1 phase by nalidixic acid did not inhibit the MYB2 accumulation after LD shift (Fig. S5A,B ). These results indicated that the MYB2 accumulation under these conditions likely resulted from different signaling events. It was also found that MYB2 accumulates under CO 2 downshift conditions (Fig. S6 ), but the significance remains to be examined.
MYB2 is required to repress light-harvesting gene expression levels under dark conditions
The MYB2 protein accumulated after LD shift. Because the repression of gene expression levels under dark conditions could be critical for photosynthetic algae to prevent unnecessary energy consumption, we focused on a potential MYB2 function in gene repression. The protein encoded by the nuclear-encoded chloroplast RNA polymerase sigma factor gene SIG2 (CMK044C) rapidly decreases in abundance after LD shift [12] . Thus, we hypothesized that SIG2 expression is repressed under dark conditions through the MYB2 function. To examine the possibility, a MYB2 deletion mutant, YK023, was isolated (Fig. S1) , and the amounts of the SIG2 transcript and the SIG2 protein during LD shift in YK023 were compared with those in the parental M4 strain. While the SIG2 transcript rapidly decreased to the basal level 2 h after LD shift in M4 ( Fig. 2A) , it only slightly decreased after 1 h, and then remained constant, under the same conditions in YK023. An immunoblot analysis also showed that the SIG2 protein disappeared 4 h after the shift to darkness in M4, but decreased only slightly in YK023 even after 4 h (Fig. 2B) . Thus, MYB2 repressed SIG2 expression under dark conditions.
The nuclear-encoded chloroplast sigma factor SIG2 directly activates the transcription of chloroplastencoded PBS genes, including cpcBA (CMV064C and CMV063C), cpcG (CMV051C), apcD (CMV204C), apcEBA (CMV157C, CMV159C, and CMV158C), and apcF (CMV048C), under light conditions [12] . Thus, we expected that the decreases in the levels of these transcripts after LD shift would be alleviated in YK023 when compared with in M4. We examined this possibility by northern blot analysis, and the declines in the cpcBA, cpcG, apcD, and apcF transcript levels were alleviated in YK023 (Fig. 3A) . In addition to the chloroplast genome, some components of PBS genes are encoded by the nuclear genome. To examine whether the expression levels of these genes were also affected by the MYB2 deficiency, transcripts for the nuclear APCC (CM0250C), CPCC (CMP166C), CPCE (CMJ043C), and CPCF (CMJ044C) genes were analyzed by northern blot analysis. As shown in Fig. 3A , declines in the levels of these transcripts after LD shift were alleviated, like those of SIG2, in YK023. The significance of these northern blot results was also confirmed by quantitative real-time PCR (qRT-PCR) analysis (Fig. S7) . In addition to PBS, red algae have light-harvesting complex (LHC) proteins that are associated with photosystem I [19, 20] . The LHC protein superfamily is a centerpiece of eukaryotic photosynthesis, composed of the LHC family and several related families involved in photoprotection. In C. merolae, genes for the LHC protein superfamily include three genes for photosystem I LHC proteins, CMQ142C, CMN234C, and CMN235C, one gene for one helix protein 2 (OHP2: CMP191C), and one gene for high light-induced protein (HLIP: CMV110C). Since CMV110C is encoded by the chloroplast genome, we examined in this study the expression of the other four nuclear-encoded genes, CMN234C, CMN235C, CMP191C, and CMQ142C, under the same conditions. CMN234C and CMN235C are head-to-head neighboring genes sharing a promoter region. The declines in the CMP191C and CMQ142C transcript levels after the LD shift were strongly alleviated by the MYB2 mutation, while the reductions in CMN234C and CMN235C transcripts were only slightly affected (Fig. 3B) . On the other hand, transcript levels of the photosystem-related gene, Transcript levels of the light-harvesting antenna genes under LD shift. Total RNAs (3 lg) were isolated from M4 and YK023 cells after LD shift and subjected to northern blot analysis with specific probes for the indicated genes: (A) Nuclear-encoded PBS genes (APCC, CPCC, CPCE, and CPCF) and chloroplast-encoded PBS genes (apcEAB, apcD, apcE, apcF, cpcBA, and cpcG). (B) Genes for light-harvesting and related protein genes (CMN234C, CMN235C, CMP191C, and CMQ142C); (C) photosystem-related gene (Psb29: CME041C) and glutamine synthetase (GS) gene (CMI233C); and (D) MYB2 and histone H3 (CMN176C). Similar results were obtained from three independent experiments, and results from one experiment are shown in panels. rRNA stained with methylene blue is the loading control.
Psb29, and glutamine synthetase (GS) gene both declined similarly after LD shift but were not affected by the MYB2 mutation (Fig. 3C) .
Specific occupancies of MYB2 on nuclearencoded SIG2 and PBS gene promoter regions
To examine whether MYB2 directly interacts with the promoter regions of SIG2 and PBS genes (APCC, CPCC, CPCE, and CPCF) in the nucleus, we conducted a ChIP analysis. First, a plasmid for the overproduction of the FLAG epitope-tagged MYB2 under the control of the original promoter, pMYB2-OX2, was constructed and introduced into the M4 cells, where the plasmid is maintained as multiple copies [21] to obtain a MYB2-overproducing strain (Fig. 4A) . Cells under standard growth conditions were fixed with formaldehyde before or after 3 h of incubation under dark conditions. Subsequently, crosslinked protein-DNA complexes were immunoprecipitated with an antibody against the FLAG tag, and the coprecipitated DNA was analyzed by qPCR using specific primers. Each gene's transcriptional start site (TSS) was estimated based on the data of a 5 0 -massively parallel signature sequence (5 0 -MPSS) analysis, which can identify comprehensively transcript levels and 5 0 -end of each transcript [22] . We previously successfully used this method to reveal transcription start sites (TSSs) of C. merolae genes (S. Imamura & K. Tanaka, in preparation). In order to identify MYB2-binding regions along with the genes, we designed several sets of primers that amplify upstream regions of each TSS, of which positions are ranged from approximately À800 to À1 (+1 as each TSS), or 3 0 -parts of each ORF (each amplified position was indicated in Fig. 4B-F) . In every case, MYB2 specifically binds to the upstream regions of each TSS: SIG2, #2 (À294 to À177, +1 as the TSS); APCC, #3 (À608 to À538, +1 as the TSS), CPCE, #2 (À372 to À270, +1 as the TSS) and CPCF, #1 (À616 to À495, +1 as the TSS) (Fig. 4B-E) . These specific occupancies were not observed in the control strain (M4 harboring the vector plasmid pSUGA) or the pMYB2-OX2-harboring cells grown under illuminated conditions. Thus, the MYB2 that accumulated under dark conditions may directly interact with the promoter regions of SIG2, APCC, CPCE, and CPCF to repress their expression (Fig. 4B-E) . While these ChIP analyses were performed using the MYB2-overproducing strain, the observed MYB2-DNA interactions are very likely occurring in the WT cells under physiological conditions because the binding was region specific and consistent with the genetic lines of evidence. It is interesting to note that the MYB2-promoter interactions were not detected under illuminated conditions even though MYB2 was accumulated somewhat in the pMYB2-OX2-harboring cells (Fig. 4A) . This may indicate other regulatory changes in MYB2 function, such as post-translational modification altering its DNA binding. We also examined MYB2 occupancies on CPCC, LHC, and related genes using several sets of primers. Among the nuclear-encoded PBS genes, interaction of MYB2 with the promoter region of CPCC was not detected in this study (Fig. 4F ). MYB2 interactions with the promoters of genes for LHC and related genes were also not detected (Fig. S8) . Thus, the significant effects of the MYB2 mutation on the expression levels of CMP191C and CMQ142C are likely indirect.
The MYB2 mutant is sensitive to prolonged dark incubations
Thus, the dark-induced repression of the expression levels of nuclear-encoded PBS and related genes was mediated by MYB2 (Fig. 3) . However, the physiological significance of MYB2 still remained unclear. To further examine the MYB2-PBS relationship, we compared the phycocyanin content between M4 and YK023 strains after LD shift, but no significant differences were observed after 48 h between the two strains (Fig. 5) . Then, we examined the effect of the MYB2 deficiency on cell viability. When cultivated under illumination, no differences were observed in the growth Fig. 4 . MYB2 occupancy of the promoter regions of PBS-related genes in vivo. (A) The construct to express the MYB2-FLAG fusion protein is shown above. Accumulations of the MYB2 protein at 0 h and 3 h after exposure to dark conditions were examined in MYB2-overproducing (containing the plasmid pMYB2-OX2) and control strains using a guinea pig anti-MYB2 antibody or a monoclonal antibody against the FLAG epitope. The endogenous MYB2 protein and the MYB2-FLAG protein are indicated by white and black triangles, respectively. Asterisks denotes nonspecific band. (B-F) ChIP analyses of SIG2 and PBS genes. Cyanidioschyzon merolae MYB2-overproducing and control strains were cultivated at 0 h and 3 h after exposure to dark conditions, and cells were subsequently fixed for ChIP analysis. Schematic diagrams above each graph indicate the analyzed genes (SIG2, APCC, CPCE, APCF, and CPCC) and the positions that were amplified by qRT-PCR (+1 indicates the TSS). Values are the averages of at least three independent experiments and represent the percent of input DNA. Asterisks indicate a significant difference (Student's t-test, P < 0.05). Standard deviations are indicated by error bars.
rate or the cell viability between M4 and YK023 (Fig. 6A) . However, under a prolonged incubation under dark conditions, YK023 lost viability more rapidly than M4 (Fig. 6B) . Thus, MYB2 may be required to maintain cell viability under prolonged dark conditions. 
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Discussion
In this study, we analyzed the function of a MYB domain-containing transcription factor, MYB2, that was found to accumulate under dark, M phase of the cell cycle and under decreased CO 2 conditions in C. merolae. After LD shift, ChIP and northern blot analyses indicated that MYB2 interacts with the promoter regions of nuclear-encoded PBS genes and represses their expression. In addition, the SIG2 gene that encodes a chloroplast RNA polymerase sigma factor was similarly repressed by MYB2. Because SIG2 is a positive regulator of chloroplast-encoded PBS gene expression, MYB2 was considered to directly and indirectly repress PBS expression from both the nuclear and chloroplast genomes. To our knowledge, this is the first identification of a transcriptional regulator that represses the expression of PBS genes in photosynthetic organisms (Fig. S9 ). MYB2 also helps to maintain cell viability during prolonged dark incubation periods, but the underlying molecular mechanism remains unknown. Photosynthetic organisms rely on light energy to maintain cellular activities under illuminated conditions, while they obtain energy by the catabolism of available organic carbon compounds under dark conditions. For unicellular photoautotrophic organisms, such as C. merolae, these carbon resources are starch and lipids that are accumulated in intracellular storage during growth under light conditions [23] . Thus, the amounts are rather limited, and the unnecessary consumption of the energy is likely disadvantageous to maintaining cell viability during a long dark period. MYB2-mediated repression of PBS expression levels under dark conditions may assist in saving significant amounts of energy, thereby maintaining viability, because PBS proteins are synthesized in large amounts [24, 25] in the cell and the costs of their biosynthesis are not negligible.
Red algae, including C. merolae, contain both prokaryotic PBS and eukaryotic LHC proteins as members of their light-harvesting antenna systems. Their photosystem I resembles the complexes of higher plants, with a crescent-shaped chlorophyll abinding light-harvesting antenna system asymmetrically bound to one side of the core complex [19, 20] . The PBS forms a macromolecular complex on the thylakoid membrane, and mainly transfers captured light energy to the reaction center of photosystem II. Here, we found that the PBS genes were repressed by MYB2 under dark conditions, and the repression may be mediated by the direct interactions of MYB2 with each promoter region, except that of CPCC. Meanwhile, it should be also noted that effects of the MYB2 mutation on the transcript accumulation are different for each gene (Fig. 3) , suggesting that not only MYB2 but also other unknown regulator(s) may involve in the transcriptional regulation upon LD shift. The 5 0 -upstream regions for SIG2, APCC, CPCE, and CPCF genes where the MYB2 interaction was identified by ChIP analysis were analyzed for the presence of conserved sequence motif using the web-based Melina II programs (http://melina2.hgc.jp/public/inde x.html). A conserved motif, 5 0 -GC(G/T)GC(T/G)GC-3 0 , was identified as the result (Fig. S10 ), for which further experimental approach is required to examine the significance.
Light-harvesting complex and related proteins are encoded by CMN234C, CMN235C, CMP191C, and CMQ142C, and their gene transcripts declined after LD shift. The repression of CMP191C and CMQ142C expression was dependent on MYB2. However, no MYB2-promoter interactions were detected, indicating that the repression was likely indirect. Direct repression mainly occurred on PBS genes, which may reflect a regulatory mechanism of light-harvesting complexes in this organism. 
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